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Surface Resonance X-Ray Scattering Observation of Core-Electron Binding-Energy Shifts
of Pt(111)-Surface Atoms during Electrochemical Oxidation
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Surface resonance x-ray scattering, sensitive to the monolayer-level change of an oxidation state of
a buried interface, is used for the investigation of electrochemical oxidation of Pt(111) single crystal
surface. The strongl@-dependent energy scans through thg resonance energy of Pt atoms were
accounted for by a large increase of the electron binding energy of the surface atoms as a result of
surfaceanodic oxidation.

PACS numbers: 61.10.-i, 81.65.Mq, 82.45.+z

The use of x-ray techniques based on resonance scdAPS). The signal from thermoelectrically cooled silicon
tering phenomena has been rapidly increasing ever sina@ the CdzZnTe PIN diodes detector was fed through an
continuously tunable monochromatic x rays became availamplifier, with 0.25 usec pseudotriangular shaping and
able at synchrotron sources. While the imaginary part obase-line restoration, to a pulse height analyzer (PHA).
the scattering factor was widely used in the x-ray absorp€onsequently, we were able to eliminate the fluorescence
tion fine structure spectroscopy and related technigues, reontamination by counting only the peak near channel 150
cently more attention has been given to the use afeiéd  (see the inset of Fig. 1) and the elastic diffuse background
part. Examples are the diffraction anomalous fine structurey subtracting counts measured with Odfset.

(DAFS) technique for site-sensitive local structure mea- The atomic elastic x-ray scattering factor may be
surements [1,2], the multiple anomalous dispersion phadivided into two terms near a resonance condition of
ing technique for structural biology applications [3], anda ground stateA (L, level in our case) of an atom:
resonance scattering on crystal truncation rods froma diR and f. R represents the difference between the
similar buried interface [4] and on reflectivity for mul- x-ray scattering amplitude of the electron in the ground
tilayer interfaces [5]. The objective of our study is to stateA and the Thompson scattering amplitude (resulting
demonstrate that monolayer or submonolayer level chemin the resonance contribution only), arfd represents
cal changesoccurring at a buriesgingle crystalsurface the sum of all other scattering amplitudes (nonresonance
(not overlayer) can be studied by the resonance surfacentributions). Then, the resonance scattering amplitude
scattering in a manner similar to Ref. [4]. Specifically, we

will show that thechemically sensitiveore binding-energy 1.0 1.3
shifts, resulting from anodic surface oxidation of a plati- o EO 0 1‘43 1.2
num single crystal, can be determined fr@wdependent, = (0022 1.1

. K . o Fluoresence
energy-dlsperswe surface X-ray scatterlng measurements at 2

a deep-core-level resonance energy.

Platinum has been a model system used for many
fundamental studies in electrochemistry including anodic
oxidation, due to its importance in electrocatalysis and
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possible similarity to oxidation and corrosion of other }§§
metals. It is also an appropriate model system for this 08 3
study because the surface structure of oxidized platinum 3
has been recently well established by x-ray scattering 07 | 02 =
studies [7]. Experimental details, such as cell geometry = o 2
[6], electrochemical procedures, and sample preparations, — Zg 1o 13210 150, 170160

have been described previously [7].
The x-ray measurements were performed at the X25A

wiggler beam line, with a platinum-coated toroidal mirror F|G, 1. Surface scattering intensity and bulk fluorescence
and a standard Si(111) monochromatdE(~ 4 eV), of intensity throughL,;; resonance.f’and " are normalized to
the National Synchrotron Light Source (NSLS) and at thetheir respective maximum values. In the inset, the counts vs the

12-ID-B undulator beam line, with a rhodium-coated flatPHA channel for four cases are shown: (i) surface scattering

- d call led Si(111 h t intensity at (0 0 1.4) below the edge (long dashed line) and
mirror and a cryogenically cooled Si(111) monochromatori“ahove the edge (solid line); (i) background scattering
(AE ~ 2 eV), of the Basic Energy Sciences Synchrotronintensity below the edge (dotted line) and (iv) above the edge

Radiation Center (BESSRC), Advanced Photon Sourcéshort dashed line).
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552 0031-900799/83(3)/552(4)$15.00 © 1999 The American Physical Society



VOLUME 83, NUMBER 3 PHYSICAL REVIEW LETTERS 19JLy 1999

of polarization-conserving scattering for thth atom,R,,  suredfluorescence (open circles in the main panel), used
can be written in the well-known form of the sum over all for our scan-by-scan energy calibration, agrees well with
the available intermediate states (denoted Within the the standard (dotted line) [12].

system following the notation of Ref. [8], Now we consider a simgled model where only the
r Mal220M (0l — + (L2 atoms in thdirst layer @ = 1) are oxidized. The second
Ry~ —2 [MiaFl20in(@in = @) + (50)’] term of Eq. (2) can then be rewritten &(R.e'd +

I

Meh = (Rt + @) [(@ih — ©)? + ()] sismg)» Whereq = 77L/3 (L = 2csind/A is the unit of

. I zr—,'i(.’J\/l.A)2 thec-axis reciprocal lattice in a hexagonal-index scheme).

i Meh 2 (ol — @) + (Zr_ﬁ)z], (1) \évhen q= /2 Rganti—Bragg condition,L = 1.5) this

_ o _ ecomes-R; + 7 and the scattering amplitude from the
whereRwa is the binding-energylifferencebetween the  rest of the atomic layers is opposite in phase to that from
ground and intermediate levels for tim¢h atom whose thefirst layer alone. Therefore if the core binding energy
ground state energy may slightly differ from other like of the atoms in thdirst layer is suiciently different from
atoms due to their different oxidation states either becaus@at of the rest of the layersofs — wja® > R~1), the
they are in a different sublattice [2] or because, as insyrface scattering intensity can havpasitivesingularity
our case, they are oxidized. Note that the real part ofy addition to the usual negative one. We observe this
Rn exhibits a negative singularity and the imaginary partyositive singularity in our measurement for the essentially
exhibits a step-wise jump abjy ~ w after integration same reason, although the platinum surface oxidation
over the available continuum intermediate states. Sucfhyolves two partial layers of platinum [7].
integration (with more elaborate relativistic corrections) The cyclic voltammogram (CV, a set of repeated/
by Cromer and Liberman [9] is numerically available for cyrves) of the single crystal Pt(111) surface is partly
Pt atoms and it was used in our data analysis by adjustinghown in Fig. 2(a). The current spikeatl.1 VHE (volt
the blndlng energies and instrumental energy reSOIUtionSfrom hydrogen evolution) is the result of the top |ayer

We will treat the X-ray Scattering from the surface of oxidation to form a |ayer of Pt-O. An approximately
a monoatomic single crystal limited to a one-dimensionab.3 monolayer, howevemplace exchangeso O-Pt in a
half-infinite sum [10], which is sticient for the purpose  staggered cdiguration [7] to minimize the dipole-dipole
of our discussion. The surface scattering amplitude pejnteraction energy between the nearest neighbors [13] as

surface atom can be written in the ordinary way as schematically shown in the upper right corner of Fig. 2.
< ¢ QT < o o Note that the electron density file of this structure has
S:(Q.w) = > Fre'@M + 3 RpelM, (2)  two partial monolayers on top of the virtually undisturbed
n=1 n=1

where thefirst and the second terms are the nonresonance

and resonance scattering factors, respectively. The term, = 30 @) )
Q - r,, is the usual phase delay of the scattered x rays = 207 ®
as in the classical theory of x-ray scattering, and the = 10

scattering amplitudes are coherently summed over every 3 or
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atom in the system for both the resonance scattering
amplitude [11] and the nonresonance scattering amplitude.

First, we consider the scattering from a clean un- 80 7 ;
oxidized platinum surface; for this case, all the lay- Eb} \ L'_'_'_'L8j? EtE & /
ers are identicalR,, = Rp), and the scattering intensity 60 ° NS :ggM(gllﬁE?sv v T
is directly proportional to| f; + Rol?> whose resonance & [ _____ N TN So-@ 0.60V HE /

S~

behavior isndependenodf Q. Indeed, the surface scatter-

AMPLITUDES
5

ing intensity vs x-ray energy measured at various points ¥ | @\ T~—X__- Te-
along the 0 0 L) rod looks identical, except for the ab- 0 NG T T
solute value of the intensity as expected from a clean . . '
Pt(111). Energy scans made at (0 0 1.4) and at (0 0 2.2), 0 0.5 1.0 15 2.0 25 30
normalized to their corresponding intensities measured far L

from the_‘ resonance, are sh/ozwn i/n th_e main panel of Fig. 1FIG. 2. (a) The current anomaly in CV for the surface
The solid line representsf’| (' being the real part of oxidation and a schematic model for the oxidized surface. The
To + Ro calculated with the Cromer-Liberman method) open circlesfilled circles, and double circles represent platinum
and the dashed line represeh® + /|2 (¥ being the ~atoms, oxygen atoms, and the platinum atom that exchanged its
experimentally observed standard values [12] shown aﬁlace with oxygen, respectively. (b) The scattering amplitudes

. . - om the layers of the double circles (dotted line) and filnst
the dotted line). The dashed line agrees well with thgayer (dashed line), their combined amplitude (dot-dashed line),

data (squares) and we use thd$eand f” values in the the total amplitude (solid line), and the amplitude from a clean
data analysis described below. Note also that the meaurface (long dashed line).
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Pt(111) surface [7]. Since the scattering factor of oxygen
is much smaller than that of platinum, we will ignore it in
our discussion although it is included in our calculations
as a small correction.

The x-ray scattering intensity of such a structure can be
modeled simply as a coherent sum of three components
using the previously determined structure parameters [7];
scattering amplitudes from (i) the undisturbed haffriite
platinum layers fp = 0 and — < n = 0), (ii) the first
0.7 monolayer of oxidized platinum atomz, (= 1), and

(i) 0.3 monolayer of oxidizednd place-exchanged (PE) g
platinum atoms#, = 0.7) wherez represents the position >
of the layers in the unit of layer spacing. The nonreso- =
nance scattering amplitudes for each layer and their com- &
binations are shown in Fig. 2(b). Here we can see that £
individual amplitudes for the two partial layers change
only slightly over the range df shown but the combined
amplitude is substantially decreased fof < L < 3 be- 060
cause the relative phases of the two layers @posite 055 g,
Since the scattering amplitude from the rest of the lay- .050
ers fp = 0) sharply increases, the effect of tipesitive 045
singularity will become less detectable Bsapproaches 040
3. Therefore we expect that the presence of the positive T
singularity can be clearly demonstrated only for a narrow 018
range withinl.5 < L < 2.6 if the L,-edge binding en- 014
ergy for the PE second-layer platinum isfsciently larger 13
than that for thdirst layer. 010/ e T i zad :
The scans measured at 12-ID-B (open circles) are shown 006 PTIA-
in Figs. 3(a) and 3(b). A pronounced positive spike just —60 0 60 0 60
above the resonance energy is clear lfor= 2.2 and a E-E, (V)

somewhat Ies_s p_ronpunc_:ed featureLaF 2.6 can alsp be r 3. Upper panels: Energy scanslat 2.2 (a) and 2.6
seen. The solid line is tHét made with the aforementioned () measured at the 12-ID-B beam line, APS. The solid lines
f/ and ' for the discussed oxidation model of two arefits to the data. Lower panels: (c) The scans measured for
partial platinum layers on an ideal platinum substrateseveralL values at the X25 beam line, NSLS (open circles are
Only two parameters were adjusted in ditr after the connected by solid lines for clarity), and (d) the corresponding
monochromator resol_uti(_)n wdixed at 2 eV: the overall g?lﬁu;?goon;’uzs.lgygggé?tzp?grzalmsc?tgasdo{.(Sas), ?Qgp(ebgiivglz?fﬁmﬁe
scale factor and the binding-energy shift of the PE secondop. The intensity axes of (c) and (d) are shown staggered, at
layer atoms. We found that the binding-energy shift ofright for the top scan, at left for the next, and so forth.
thefirst layer (0.7 monolayer) was not needed in &tr
therefore was set to zero. THéevalue of the energy shift the usual shape of single negative singularity expected
was a surprisingly large value of 9(2) eV. Consideringfor a resonance scattering factor, and that the calculations
that no other adjustable parameters were used in theproduce all the unusual features at least qualitatively.
calculation, the agreement is excellent for bbtlvalues. The measurements were performed at two different beam
The minimum near 20 eV and subsequent oscillations at Bnes on three different Pt(111) single crystals, and all
higher energy in théit are essentially due tb". the main characteristics of the results were reproduced
In Fig. 3(c) the data taken at X25A for sevetalalues numerous times.
are shown by the connected open circles. These data The anodic surface oxidation is different from surface
are compared to the essentially same calculations witbxidation in a UHV environment. The surface is under
the 9 eV shift but with 4 eV monochromator resolution water and in an extremely high electrfield since an
shown as smooth solid lines in Fig. 3(d). The individualanodic potential is applied across a double layer region
agreement may not seem impressive. However, thef only tens of angstroms. Under this electfield, the
overall qualitative agreement is very good. Note thatelectrons will bepulled toward the surface. In addition,
the qualitative features of the energy scans were abhe PE second-layer platinum atoms are surrounded by
reproduced near the edge. In particular, the intensitiesearest neighbor oxygen atoms [7] which tend to further
for L = 1.55, 1.8, and2.2 (three scans from the bottom) deprive the platinum atoms of electrons. In fact, the
demonstrate that the features are clearly different fronmeasured charge transfer is as largelase™ /Pt [7]
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and we expect that those atoms are at a higher oxidatiomelpful discussions regarding the DAFS. This work was
state and have higher binding energies of core electrorsponsored by the Chemical Sciences Divisionficef of
than the atoms in the rest of the layers. This is why weBasic Energy Sciences, U.S. Department of Energy, un-
see the large 9 eV shift of thie;;; edge of the second- der Contract No. W-31-109-ENG-38.
layer platinum atoms but we see no observable amount
of shift for thefirst-layer platinum even though platinum
atoms in both layers are expected to have formed Pt-O.
The large shift of the core binding energy (much larger 1, ; gyagieret al., Phys. Rev. Lett69, 3064 (1992),
than any surface studies done under _UHV _condltlon) IS 2] J.0. Crosset al., J. Phys. IV (France}, C2-745 (1997):
not unreasonable compared to an ionized isolated atom ~ | B gorenseret al., in Resonant Anomalous X-ray Scat-
where the core-electron blndlng energies can shift as tering: Theory and Applicationsedited by G. Materlik
much as one Ry per one-electron loss [14]. Since the Pt-O et al., (North-Holland, Amsterdam, 1994), pp. 38820.
involves nearly two electrons, the 9 eV shift is yet smaller [3] E. Fanchon and W.A. Hendrickson, irCrystallo-
than the shift expected for a doubly ionized, isolated graphic Computing (IUCr/Oxford University Press,
platinum atom. However, it is possible that a part of the  Chester/Oxford, England, 1991), Vol. 5, Chap. 15.
shift may originate from a higher intermediate quantum [4] E.D. Specht and F.J. Walker, Phys. Rev.48, 13743
state [see Eq. (1)] for the PE platinum atoms. This can 5] \(]1?39:;)& al..Z. Phys. B97, 465 (1995)
o o e o TS 1 SUCLIE1) 2 Nay ot . o, A, 200 (1381

. . . é?] H. You et al., J. Chem. Phys100, 4699 (1994); H. You
pushllng up the avqllable unoccupied state compared to the © 4 7 Nagy, MRS Bull24, 36 (1999).
Fermi level. But this effect cannot be larger than the work g} 3 3. sakurai,Advanced Quantum Mechanid@ddison-
function. Therefore, the majorlty of the 9 eV shift must Wesley Publishing Company, Inc., Reading, MA, 1997).

come from the core-level binding-energy shift. Equation (1) is derived from Eq. (2.192) on page 58 of
Although our modeling and understanding of the data  this reference without the Thompson term but by keeping
are narrowly limited to the shift of the Rt;,-edge bind- I, explicitly.

ing energy due to the change in the oxidation state, our[9] D.T. Cromer and D. Liberman, J. Chem. PhgS8, 1891
results essentially prove the thesis of the paper. We (1970); Los Alamos Laboratory Report No. LA-4403,
ignored the potentially important DAFS effects in our[lo] |l€|)<70|§obinson Phys. Rev. B3, 3830 (1986): D. G. Gibbs
data analyses. However, we havefguéntly proven the o ' X iy NNt ,
most basic feature of the x-ray resonance surface scat- et al, Phys. Rev. B38 7303 (1988); S.G.J. Mochrie

. ) . et al., Phys. Rev. Lett64, 2925 (1990); H. Youet al.,
tering, namely, that surface scattering can deliver mono- Phys. Rev. B45, 5107 (1992).

layer or submonolayer sensitive measurements of th@ 1] Although the resonance scattering is sfiedo a quantum
oxidation state through highly sensitivQ-dependent state in a spefic atom, the amplitudes from each atom
energy-dispersive measurements due toitierferences must be summed coherently, because the incoming photon
between the scattering amplitudes from the individual sur-  probes all the possible paths [R.P. Feyman and A.R.
face layers. From an electrochemical stand point, we have  Hibbs, Quantum Mechanics and Path IntegrgcGraw-
shown directly that the long-proposed place exchange of  Hill Book Company, New York, 1965)], or because it
surface platinum and oxygen indeed accompanies a sub- S uncertain which atom in the system the observed
stantial electron loss of the PE platinum atoms. Theoreti- ~ X:fay photon is scattered from. [W. Heitléfhe Quantum

cal studies for charge distribution around Pt-O and O-pt | heory of RadiatioriClarendon Press, Oxford, UK, 1954),

under anodic oxidation conditions will be extremely valu- 3rd ed ]
. . [12] Measured for a 0.5 mm Pt foil at X11A, NSLS by EXAFS
able for comparison with our results.

. . Materials, Danville, California; see also M. Chet al.,
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ing the experiments at X25A, Dr. P.A. Montano and[13] M. Schicket al., Phys. Rev. BL6, 2205 (1977).
BESSRC staffs for the assistance during the experimen{s4] R.F. Reilman and S.T. Manson, Phys. Rev18, 2124
at 12-ID-B, and Dr. J. Cross and Dr. M. Newville for (1978).
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